We developed a thermal diffusion forced Rayleigh scattering (TDFRS) set-up operating at a writing wavelength of 980 nm, which corresponds to an absorption band of water with an absorption coefficient of approximately 0.5 cm −1 . Therefore, aqueous mixtures require no dye to convert the light into heat energy. Especially for aqueous system with a complex phase behavior such as surfactant systems the addition of a water soluble dye can cause artifacts. wt) adsorbing dye at the writing wavelength allows also the investigation of organic mixtures. We investigated the three binary mixtures of dodecane, isobutylbenzene and 1,2,3,4 tetrahydronaphthalene at a weight fraction of c = 0.5 at a temperature of 25 • C and found good agreement with the Soret coefficients, which had been obtained in a benchmark test under the same conditions. Therefore the presented set-up is suitable for the investigation of the thermal diffusion behavior in aqueous and organic mixtures and in the case of aqueous systems the addition of a dye can be avoided.
I. INTRODUCTION
Thermal diffusion describes the migration of molecules in a temperature gradient. The molecular origin of the effect, also called Ludwig-Soret effect, is one of the unsolved problems in physical chemistry. In some cases even qualitative predictions are impossible. The main practical applications are separation processes 1,2 such as thermal field flow fractionation of polymers and colloids or isotope separation, characterization of geochemical processes 3,4 and combustion 5 .
There are many experimental methods such as thermal diffusion cells [6] [7] [8] , thermogravitational columns 9 , thermal lens method 10, 11 , holographic grating methods [12] [13] [14] , field-flow fractionation 15 and microscopic methods 16, 17 to investigate the thermal diffusion behavior of simple and complex liquid mixtures. Except for the thermal lens method, the field-flow fractionation and the microscopic technique all methods have been validated in a benchmark test 18 or show consistent results for organic 7, 19, 20 and aqueous mixtures 7, [21] [22] [23] [24] . Besides the reliability of the methods sometimes certain aspects come to the fore. For instance lies the strength of the thermogravitational columns in the possibility to investigate multi component systems, while the other methods are limited to binary mixtures unless special systems 22 are studied or modified set-ups are used 25 . Another important criteria is the equilibration time, which can be in the order of 10 hours and more for slow diffusing systems such as polymers and colloids. In this respect optical methods, such as transient grating methods often denoted as thermal diffusion forced Rayleigh scattering (TDFRS), thermal lens and a micron scale diffusion cells 8 are superior to other methods. inert, which means that there is no photobleaching and no dye contribution to the diffraction signal. For organic mixtures, it has been shown that the addition of an organic dye results in very small dye contribution to the signal (on the order of 0.5%). These contributions do not influence the mean values of the transport coefficients but lead to slightly asymmetric error bars 31 . In the case of aqueous systems it is more difficult to find an inert dye. Typically the spectroscopic properties of dyes depend on pH, ionic strength and other parameters. In recent studies on aqueous surfactant systems 14, 32 it was found that the dye has a physical effect on the micelles of some non-ionic surfactant systems and leads to a second slow thermophoretic mode. Therefore, it would be desirable to have a set-up which works especially for aqueous systems without the addition of dye.
In the literature there are two set-ups among the optical methods, which use the laser light for heating, which investigate especially aqueous systems without the addition of dye.
One is the thermal lens set-up in the group of Piazza 11 , which works with a diode laser at λ = 980 nm and the other is a fluorescence microscopy method developed in the group of Braun 17 , which uses a solid state laser with a center wavelength of λ = 1480 nm. According to the absorption spectrum of water (c.f. Fig. 1(a) ) the absorption for the two methods in pure water is 0.5 cm −1 and 21 cm −1 , respectively. In principle it should be possible to build a TDFRS set-up using one of the near infrared wavelength as writing beam for the investigation of aqueous solutions.
The goal of this paper is to present the Infrared-TDFRS (IR-TDFRS) set-up, which operates at a writing beam wavelength of λ = 980 nm. We will discuss, why we have chosen as a first approach the shorter wavelength and which modifications had to be made in comparison to TDFRS-set-up in the visible wavelength range. Although there are no benchmark values available for aqueous system we found reliable data for the system water/ethanol in the literature 7, [21] [22] [23] [24] . We compare our data with those literature data. Additionally we also investigated the three binary mixtures of dodecane, isobutylbenzene and 1,2,3,4 tetrahydronaphthalene at a weight fraction or c = 0.5 at a temperature of 25
• C by adding a small amount of inert dye which has a strong absorption band at λ = 980 nm (c.f. Fig. 1(b) ). Those three organic mixtures have been investigated by four different groups in a benchmark 18 .
II. EXPERIMENT
A. Sample Preparation.
The solvents ethanol (BASF, absolute), dodecane (C12H26) (Sigma-Aldrich, 99+%), isobutylbenzene (IBB) (Fluka, ≥ 99%) and 1,2,3,4 tetrahydronaphthalene (THN) (SigmaAldrich, 99+%) were used without further purification. We took deionized water (Milli-Q).
The organic mixtures were prepared as follows: First a very small amount (roughly 10 The temperature derivatives of the refractive index (∂n/∂T ) p,c at a constant pressure and concentration were determined in the temperature range T ± 3
• C using a Michelson interferometer 35 . The values are listed in Table I . The determined values (c.f. Tab I) agree typically better than 1% with the data determined by Kolodner 23 .
Refractive index increments with concentration (∂n/∂c) p,T at a constant pressure and temperature were measured using an Abbe refractometer. The data are compared with data by Kolodner 23 and are listed in Table I . In the experimental investigated range, which has been studied in both works, the data compare well with the literature data.
The numerical values of both refractive index increments (∂n/∂T ) p,c and (∂n/∂c) p,T are listed in Table I C. TDFRS experiment and sample cell
The experimental set-up of TDFRS is sketched in Fig. 2 . The interference grating is written in by a grating-stabilized diode laser with a tapered semiconductor amplifier (TA100, Toptica) with a maximum output power of 1 Watt operating at a wavelength of 980 nm.
To allow for an easier alignment we use a visible laser diode operating at 670 nm with a • , which means that a dark fringe (cold) becomes bright (warm) and vice versa. To achieve a better contrast the beams are polarized by two Glan Thompson.
The longer double Pockels cells is required to achieve the necessary polarization rotation for writing beam at a wavelength of λ = 980 nm, which is roughly a factor two larger than the wavelength of the writing beam in the visible set-up 14 . If we would have chosen the longer wavelength at λ = 1480 nm, we would have needed two Pockels cells in series to achieve the required rotation of the polarization direction.
The grating is read by a He-Ne laser (124, Spectra Physics) with a output intensity of 22 mW at λ=632.8 nm. We use a spatial filter to improve the beam quality and to focus the beam on the mono mode fiber in the detection arm. In contrast to the set-up in the visible the read out wave length is longer than the writing wavelength, the read-out beam has to be between the two writing beams in order to fulfill the Bragg condition (see Sec. II D). This small angle of the writing beams can causes some problems due to the high scattering intensity at low angles. The intensity of the diffracted beam is measured by an avalanche diode, which has a higher quantum efficiency than the photomultiplier used before. Additionally it has the advantage that it is still sensitive in the near infrared, so that the excitation function and the diffracted beam can be recorded with the same detector.
The flip mirror M2 in front of the cell was used to image the diffraction grating on a CCD camera to determine the grating vector. A typical grating vector in the experiments is approximately q ∼ 3200 cm −1 which corresponds to a fringe spacing around d = 20 µm.
The grating vector is comparable with the one we use in the visible set-up. A third flip mirror M3 in front of the CCD camera is used to record the excitation function. For the measurement of the excitation function the same monomode fiber without collimator and the same recording procedure is used.
D. Operating conditions
The steady state amplitude of the temperature grating T A is given by
with the absorptions coefficient α, the intensity of the writing beam I w , the fringe spacing d The read-out beam needs to fulfill the Bragg condition, which implies that the magnitude of the scattering vectors for the writing q w and the reading q r beam have to be equal. The diffraction efficiency depends on the sample thickness s, the incident angle of the read-out beam θ r , the wavelength λ. the amplitude of the spatial refractive index modulation ∆n and the misalignment of the Bragg condition as explained in Eq.78 in Ref. 37 . The diffraction efficiency at the Bragg angle θ B is given by
which implies that in first approximation for small angles the diffraction efficiency is independent of the Bragg angle. A typical grating vector of q ∼ 3200 cm −1 corresponds to a scattering angle θ w ∼ 2.9
• for the writing beams, which leads to an angle θ r ∼ 0. 
E. Sample cell
The thermostated sample holder is sketched in Fig. 3 . The quartz sample with a thickness of s = 0.2 mm is placed in two half shells, which slide conically in the inner copper cylinder of the sample holder. This inner part can be heated electrically and is thermally insulated by an air gap and a polyacetal plate at the bottom. Through the outer part flows thermostated water on a helical path through the cell. On the side of the incoming beam (left side in Fig. 3 ) a copper piece in the outer thermostated part can be removed during the alignment.
The cell is completely insulated by a cover made of polyacetal. The entire cell can be moved by a z-table up and down to look for a good position of the sample cell to optimize the signal to noise ratio. Due to the small angle of the read-out beam the background scattering is often very high. It also turned out that during temperature changes the scattering intensities varied, which might due to some interference effects by the sample cell windows.
The TDFRS measurements were carried out in a temperature range from 15.0 to 45.0 • C. 
F. Data analysis
The heterodyne signal intensity of the read-out laser is proportional to the amplitude of the refractive index difference ∆n (T, c) as
where ∆T and ∆c are the difference in temperature and concentration, respectively.
The total intensity ζ het (t) normalized to the thermal signal is related to the Soret coefficient as
where q is the length of the grating vector and D is the mutual diffusion coefficient.
To determine the transport coefficients, Eq. 4 is fitted to the measured heterodyne signal ( Fig. 4 ) using contrast factors (∂n/∂c) p,T and (∂n/∂T ) p,c which are measured separately.
The residuals are typical in the 3σ range and show no systematic deviations (Fig. 4) .
III. RESULTS

A. Water/ethanol
The best characterized aqueous mixture in the literature is the system water/ethanol.
The system has been studied by four different groups with three different methods: thermal diffusion cells 7, 23 , thermogravitational cell 21 and TDFRS 22 .
We investigated the system at five concentrations in the range between c = 0. literature data obtained by Kolodner 23 at the same temperature. In general we find good agreement typically better than 5% for all temperatures.
As recently, proposed by Wittko and Köhler 39 the concentration and temperature dependence of the Soret coefficient might be described by the following empirical formula.
with
T 
B. Organic mixtures
Additionally we investigated a well characterized system toluene/n-hexane at 23
• C and the three binary benchmark mixtures of dodecane, isobutylbenzene and 1,2,3,4 tetrahydronaphthalene at a weight fraction of c = 0.5 at a temperature of 25 • C. For the organic systems we need to add a small amount of dye to increase the absorption at the writing wavelength.
The determined Soret coefficients S T = 9.10 ± 0.05 × 10
and S T = 3.93 ± 0.04 × 10 −3 K −1 for dodecane/1,2,3,4 tetrahydronaphthalene, isobutylbenzene/1,2,3,4 tetrahydronaphthalene and isobutylbenzene/dodecane, respectively are displayed in Figure 7 . For all systems we find fairly good agreement. The best agreement was found for the system isobutylbenzene/dodecane with the largest contrast, which also had in the benchmark test the smallest error bar.
For other organic mixtures such has toluene/n-hexane we found a dependence on the dye content, but for a dye content in the order of 10 
IV. DISCUSSION AND CONCLUSION
In the present work we can conclude that the IR-TDFRS set-up is optimal for aqueous systems because no dye is required, but with the addition of an infrared absorbing dye it is also possible to investigate organic mixtures. For both classes of systems we obtained reliable data which compare well with the literature.
In the present configuration it was easier to realize the setup with the shorter infrared writing wavelength λ = 980 nm. Although the longer writing wavelength λ = 1480 nm has a 40-times higher absorbance and therefore a laser with much less power would be needed, other complications show up. Choosing a writing wavelength of λ = 1480 nm would require two double Pockels cells to reach the necessary polarization rotation. This would cause an even stronger asymmetry in the two separated beams, which can cause coherence problems.
With the realized set-up it will be possible to investigate the previously studied surfactant systems without the addition of dye. Preliminary experiments showed already that the second mode disappears. Therefore we will be able to add systematically charged cosurfactants to study the charge effect for this system class.
